Density functional theory calculations indicate that the incorporation of V into Ti lattice positions of rutile TiO 2 leads to magnetic V 4+ species, but the extension and sign of the coupling between dopant moments confirm that ferromagnetic order cannot be reached via low-concentration doping in the non-defective oxide. Oxygen vacancies can introduce additional magnetic centres, and we show here that one of the effects of vanadium doping is to reduce the formation energies of these defects. In the presence of both V dopants and O vacancies all the spins tend to align with the same orientation. We conclude that V doping favours the ferromagnetic behaviour of TiO 2 not only by introducing spins associated with the dopant centres but also by increasing the concentration of oxygen vacancies with respect to the pure oxide. PACS: 71.15.Mb, 71.20.Nr, 75.50.Dd 
Dilute magnetic oxides with Curie temperatures well above 300 K offer great promise for the development of spin injectors in spintronic devices that could operate at ambient conditions, among other exciting applications [1] . Thin films of various non-magnetic transition metal oxides, including TiO 2 , SnO 2 and ZnO, have been found to exhibit room temperature ferromagnetism when doped with small concentrations of V, Cr, Co and other ions. In the case of anatase TiO 2 , Hong et al. [2, 3] have indicated that vanadium is the most promising dopant, as it leads to a giant magnetic moment of 4.23 µ B per dopant atom in the thin film, while Tian et al. [4] have recently observed ferromagnetism in both rutile and anatase TiO 2 thin films doped with 4 at.% vanadium. Although the nature of room temperature ferromagnetism in these oxides is not completely understood yet, most authors now agree that oxygen vacancies play an important role in the magnetic behaviour, at least in the case of TiO 2 . For example, the ferromagnetism of V-doped TiO 2 samples is enhanced after annealing in an oxygen-deficient argon atmosphere, and the effect is more pronounced the higher the treatment temperature, which can be explained by the creation of oxygen vacancies during annealing [4] . Furthermore, it is known that even un-doped TiO 2 (both rutile and anatase) thin films can display ferromagnetic behaviour, but only if the preparation method favours the formation of oxygen vacancies (e.g. by vacuum annealing) [5] [6] [7] . Therefore, in order to understand the behaviour of dilute magnetic oxides it is essential to elucidate the interplay between dopants and defects.
We present here a theoretical investigation of the magnetism of V-doped TiO 2 (rutile) without and with oxygen vacancies. We simulate the incorporation of vanadium impurities using a 2x2x3 supercell of the original rutile unit cell, with none, one or two V/Ti substitutions, and with and without oxygen vacancies, leading to compositions Ti 24-n V n O 48-m (n=0,1,2; m=0,1). The number of calculations is significantly reduced by exploiting the symmetry of the system. For n=2 and m=0, for example, there are 24×23/2=276 possible cation distributions, but only 7 of them are symmetrically different, as determined with the SOD program [8] . Total energy, geometries and electronic structures were obtained using density functional theory (DFT) calculations in the generalised gradient approximation (GGA), with the exchange-correlation functional of Perdew, Burke and Ernzerhof [9] , as implemented in the VASP program [10] . In order to improve the GGA description of the d electrons in the solid, we used a Hubbard type correction for these orbitals following the so-called GGA+U approach, which acts by adding a positive term (proportional to a parameter U eff ) to the GGA energy, penalising the hybridisation of the specified orbitals of the metal atoms (e.g. Ti and V d orbitals) with the ligands (e.g. O atoms) [11] [12] [13] . The introduction of the Hubbard correction (or an alternative correction to the self-interaction problem, e.g. a certain fraction of non-local exchange [14] ) is necessary to reproduce the electronic, magnetic and redox properties of transition metal oxides, within the framework of local and semi-local DFT calculations (e.g. Refs. [15] [16] [17] ). We have used U eff =3 eV for both Ti and V 3d orbitals, as this value has been shown to provide a good description of the electronic and redox properties of titanium and vanadium oxides [18, 19] . The interaction between the valence electrons and the core was described with the projected augmented wave (PAW) method in the implementation of Kresse and Joubert [20, 21] . The core electrons, up to 3p in Ti and V and 1s in O, were kept frozen in their atomic reference states. The cut-off energy controlling the number of plane wave basis functions was set to E cut =520 eV, and all reciprocal space integrations were performed using a mesh of 2x2x2 points (for the 2x2x3 supercell). Ion positions and cell parameters were fully relaxed using a conjugate gradient algorithm. For all geometric configurations we explored the existence of different spin solutions by assigning initial local magnetic moments to the ions, which were then relaxed during the self-consistent field iterations, and also by fixing the total difference between up and down spins to the various allowed values.
The effect of an isolated V/Ti substitution on the electronic structure of TiO 2 is illustrated in Considering the case of two dopants in the simulation cell allows us to investigate the strength and character of dopant-dopant interactions. octahedra sharing edges and another with VO 6 octahedra sharing corners. The former is the most stable, but there are more pairs of the second type in the lattice. It is possible to estimate the probabilities of occurrence for the different configurations using canonical statistical mechanics [8, 22, 23] :
where m=1, …, 7 is the index of the configuration, E m is the energy of the configuration, Ω m is its degeneracy (the number of times that configuration m is repeated in the complete configurational space) and k B is Boltzmann's constant. Table 1 shows that at 1000 K around half of the V ions at this concentration are expected to be forming NN pairs, with 40% in corner-sharing octahedra and 10% in edge-sharing octahedra. Notably, the two most stable configurations, forming NN pairs, exhibit ferromagnetic coupling, while V-V pairs at longer distances are coupled
antiferromagnetically. This contrasts with the ferromagnetic coupling at long distances (first to fifth neighbours) found for anatase TiO 2 by Osorio-Guillen et al., using similar DFT calculations [24] .
Obviously, in the case of rutile, the NN coupling cannot explain the long-range ferromagnetism reported in experiment for low V concentrations. At most these results imply that the presence of isolated pairs (or maybe small clusters) of vanadium dopants with parallel spin alignment is thermodynamically favourable. However, it is very well possible that the distribution of vanadium in real samples is not in configurational equilibrium, and is instead randomized by kinetic factors during growth, which would lead to a more homogeneous distribution of the dopants.
In order to examine the role of oxygen vacancies in the magnetic behaviour of V-doped TiO 2 ,
we have calculated the energies of all different configurations with one V substitution and one O vacancy in the supercell at their equilibrium geometries, which allows us to obtain the vacancy formation energies:
Since two excess electrons are introduced by the oxygen vacancy and one by the vanadium dopant, 18 eV in Ref. [25] ).
According to our calculations, the excess electrons associated to the vacancy distribute on the neighbouring Ti cations, although not only on the nearest neighbours. In particular, we do not observe any electron localisation at the vacancy site, as suggested by earlier Hartree-Fock calculations [26] . This work made use of the facilities of HECToR, the UK's national high-performance computing service, via RGC's membership of the UK's HPC Materials Chemistry Consortium, which is funded by EPSRC (EP/F067496). Oxygen vacancy formation energies (VFE) for pure and vanadium-doped titanium oxide. M is the total magnetization of the cell.
